The orf224 gene is a chimeric open reading frame associated with the Polima or pol cytoplasmic male sterility of Brassica napus. The first 58 codons and 5' upstream region of orf224 are derived from a conventional mitochondrial gene, orfB, while the origin of the remaining portion of the gene is unknown. Trancripts of the orf224 gene were found to be edited at a single site in the region of the gene that does not correspond to a known sequence. Oligonucleotides corresponding to the edited and unedited forms were shown to hybridize specifically to respective in vitro orf224 transcripts. Analysis of floral mtRNA by this method indicated that virtually all orf224 transcripts of both sterile and fertile, nuclear-restored pol cytoplasm plants are edited. Our results indicate that transcripts of novel, CMS-associated genes may be edited, but that, at least in this case, the degree of editing does not appear to be directly related to the male-sterile phenotype.
INTRODUCTION
RNA editing refers to the alteration of the sequence of a transcript so that it differs from its template DNA. RNA editing occurs in the mitochondria of a number of different types of organisms, in chloroplasts and in mammalian nuclei, but the types of editing modifications differ among the various systems. In the mitochondria of flowering plants (1) (2) (3) , RNA editing involves the conversion of C to U and rarely, U to C, residues. The editing is highly specific: transcripts of different protein coding genes are edited to varying degrees and the transcripts of a given gene may be edited at only one or a few sites in one species and at many sites in another. Editing outside of protein coding regions is infrequent; for example, rRNA transcripts are edited only very rarely, if at all. Editing tends to alter RNA sequences such that the encoded amino acid sequences become more similar to the those of the corresponding proteins from other organisms. Transcripts of virtually all the standard, functional, protein-coding mitochondrial genes examined have been found to be edited, and transcripts of non-functional pseudogenes may also be edited (4, 5) .
Cytoplasmic male sterility (CMS), the cytoplasmically inherited inability to produce functional pollen, is a common plant trait that results from rearrangements of the mitochondrial genome (6, 7) . In general, the regions of the mitochondrial genome that appear to be responsible for the trait contain unusual, chimeric genes that are often co-transcribed with standard mitochondrial genes. For many instances of CMS, specific nuclear genes, termed restorers of fertility (Rj) have been identified that can suppress the male sterile phenotype. In some cases it has been shown that Rf genes alter the expression of CMS-associated chimeric mitochondrial gene regions.
Several recent studies have examined the role of RNA editing in CMS. Ward et al. showed that the rearranged gene associated with cms-T of maize, l-urfl3, is not edited in either CMS or fertility-restored plants (8) , although the co-transcribed or/227 (orf25), a standard mitochondrial gene, is edited at 12 sites. By contrast, Iwabuchi and colleagues (9) have shown that one of two atp6 genes on a male-sterile rice mitochondrial genome is associated with CMS and that the unprocessed transcripts of this gene found in CMS plants are less highly edited than the processed transcripts found in restored plants. They postulated that aberrant proteins, translated from the incompletely edited atp6 transcripts of CMS plants, might be responsible for malesterility. The observation that the targeting of the protein product of an unedited wheat atp9 transgene to Nicotiana mitochondria can induce male-sterility (10) is consistent with the premise that CMS may be related to editing defects.
The atp6 mitochondrial gene region has also been found to be associated with the Polima or pol CMS system of Brassica napus (11 -13) . In this case the atp6 gene is situated downstream of and co-transcribed with a chimeric mitochondrial gene designated orf224 (11) or pol-urf(\3). The N-terminal coding and 5' non-coding regions of this chimeric gene are derived from a normal mitochondrial gene, orfB, while the origin of the remaining portion is unknown. The B.napus atp6 gene is edited at a single site in plants with fertile cytoplasm, in pol CMS plants and in nuclear-restored pol cytoplasm plants (14; Stahl and Brown unpublished results). In contrast to rice atp6, no differences have been found in the extent of atp6 editing between fertile and sterile Brassica plants. In this report we show that, unlike the chimeric gene associated with cms-T in maize, transcripts of the chimeric, CMS-associated Brassica orf224 gene are edited. Editing occurs at only a single site, and virtually all orf224 transcripts of CMS and fertility-restored plants are edited.
MATERIALS AND METHODS

Plant material
The Brassica napus strains used in this study were of the Westar cultivar as detailed earlier (11) . Normal fertile tissue was obtained from the strain containing nap cytoplasm, whereas the cytoplasmic male sterile (CMS) and fertility restored (Rf) tissues were of the pol cytoplasmic type. Plants were greenhouse grown to maturity and healthy flowers were harvested for the isolation of mitochondrial nucleic acids.
Nucleic acid isolation and analysis Floral mitochondria were purified by the methods of Perez et al. (15) as modified by Singh and Brown (11) . Mitochondria were lysed in a solution containing 1% Sarkosyl, 50mM Tris-HCl, pH 8, lOmM EDTA and the nucleic acids were phenol extracted and precipitated with ethanol. Isolated mtRNA was electrophoresed on 1% agarose + 5M urea gels (16) and transferred overnight by capillary blotting onto GeneScreen-Plus membranes (New England Nuclear) with IOXSSC (1.5M NaCl, 0.15M sodium-citrate). Hybridizations were performed in 5 XSSPE (0.9M NaCl, 50mM sodium phosphate, 5mM EDTA), 5xDenhardt's solution (0.1% Ficoll, 0.1% polyvinlyl pyrolidone, 0.1% bovine serum albumin) and 0.5% sodium dodecyl sulfate (SDS) at 51 ° C for 14 -16 hrs in a Hybaid oven. Probes for hybridization were end-labelled with [7- 32 P]ATP (Amersham) using T4 polynucleotide kinase (New England Biolabs). Oligonucleotides for selective probing were designed as follows; 5'GATTCAAGTCGGTTCGAG 3', for edited orf224 and 5' GATTCAAGTTGGTTCGAG 3', for unedited orf224. Membranes were washed twice in 2xSSC, 0.1% SDS at room temperature for 10 min and twice in 1 xSSC, 0.1 % SDS at 55°C for 15 min prior to autoradiography on Kodak X-omat-AR film for 4-12 days. RNA for control blots was synthesized using T7 RNA polymerase (Stratagene) and linearized plasmid containing either the edited or unedited orf224 sequence.
cDNA synthesis and amplification
Total mitochondrial nucleic acids from/?o/-CMS and/raW?f plants (isolated as described above) were treated with 3U (units)//ig RNA RNase-free DNasel (Pharmacia) at 37°C for 30 min. Samples were then extracted twice with phenol and precipitated in ethanol with l^g glycogen as carrier. First strand DNA synthesis was initiated from either the atp6 oligonucleotide primer #4 (5' GCCCATGTCTTTGAAATCCC 3') or the orf224latp6 intergenic primer # 3b (5'CGACGGGGAGAGTGATGCAG 3'). Approximately 50ng of primer were annealed to 0.5-1.0 fig mtRNA in diethlypyrocarbonate-treated H 2 O by cooling from 95°C (5 min) to 50°C (ramp -1 °C/20 sec) followed by 10 min at 50°C. Primer extension was performed at 41 -42°C for 1 hr with 16U MoMLV reverse transcriptase (Pharmacia) using the supplied buffer and lmM deoxynucleotide triphosphates. Polymerase chain reaction (PCR) amplifications were performed using primer # 14 (5'GGATGCTACTTCAGGTAG 3'), which is positioned upstream of orf224, to synthesize cDNA's of 1.6 and 1.0 kb in length. The locations of amplified sequences in the pol orf!24/atp6 gene region are indicated in Fig. 1 . Reaction components for PCR included 50ng of each oligo, 2U Taq DNA polymerase (Bio/Can), lxsupplied buffer, 2mM MgCl 2 , lmg/ml BSA and 200 /*M dNTP's. Amplifications were conducted with a Hybaid Omnigene thermal cycler, with a typical program consisting of 35 cycles of 94°C (30 sec), 50°C (30 sec) and 72°C (2 min) followed by 72°C (10 min). Amplification products were purified from agarose gels using the Geneclean II kit (Bio 101) and cloned into a pBluescript IIKS+ (Stratagene) phagemid vector that had been blunt-cut by EcoRV and T-tailed according Marchuk et al. (17) .
Mitochondrial DNA analysis
The total mitochondrial nucleic acid preparations were used for direct amplification by PCR and subsequent cloning. Primers and reaction conditions were identical to those used for cDNA manipulations.
Sequence analysis
The dideoxy chain termination method was employed using the T7 sequencing kit (Pharmacia). Single-stranded DNA templates were generated according to the suppliers' recommendations. Helper phage R408 and E.coli strain XL-1 Blue were both purchased from Stratagene. Sequencing primers included Stratagene T7 and SK primers, in addition to those that were designed based on the genomic mtDNA sequence (11) and purchased from Sheldon Biotechnology Center (McGill Univ.).
RESULTS
Synthesis and cloning of orf224 cDNAs
The organization and expression of the Brassica pol orp.24la.tp6 gene region, as deduced from studies conducted in this laboratory (7, 11, 18) are indicated in Fig. 1 . In floral tissue of pol CMS plants, transcripts of the region are predominantly dicistronic. Upon nuclear fertility restoration, abundant transcripts with termini mapping within the orf224 gene appear, and the level of the smallest atp6 transcript, the 5' terminus of which maps to a tRNA pseudogene located at the 3' end of orf224, increases.
To examine editing of orf224 transcripts, cDNAs spanning the orf224 coding sequence were first synthesized using DNase treated RNA preparations from CMS and fertility-restored pol cytoplasm plants. These were then amplified by the polymerase chain reaction, cloned and sequenced. Two different oligonucleotides were used to prime cDNA synthesis. One primer mapped to a sequence located downstream of the orf224 termination codon (primer #3b), while the other (primer #4) mapped downstream of the single editing site in the atp6 gene (indicated by the asterisk in Fig. 1 ). Both types of cDNAs were amplified using primer # 14, which maps 264 nt upstream of orf224, in the region between the 5' termini of the 2.2 and 1.9 kb transcripts (18) . The amplification products derived from cDNAs primed with oligonucleotides # 3b and # 4 were 1.0 and 1.6 kb respectively. The mtDNA sequences from which the corresponding transcripts were derived are indicated in Fig. 1 . To ensure that the amplification products were derived from cDNAs and not mitochondrial genomic sequences, control amplification reactions were performed on RNA preparations in which the reverse transcriptase had not been added during the cDNA synthesis step. Only the products amplified from preparations in which no product was generated from the control were analyzed further.
Transcripts of orf224 are edited at a single site A total of six cDNA clones from restored plants (four 1.0 kb and two 1.6 kb clones) and five 1.6 kb cDNA clones from CMS plants were analyzed. Sequences of all the or/224 cDNAs from both sterile and restored plants differed from the genomic or/224 sequence at a single site, located 211 nt downstream of the orf224 initiation codon (Figs. 2 and 3 ). This nucleotide was C in mitochondrial genomic DNA, but T in the cDNA clones. No other consistent differences were noted between any of the cDNA clones and the genomic sequence nor among the cDNAs themselves. Although the sequences of most of the cDNA clones varied from the genomic sequence at one or more positions in addition to nt 211, in each case this variation was specific to a single clone and thus appeared to result from errors introduced during amplification. A sequence reported for the region upstream of the pol mtDNA atp6 gene (13) differs somewhat from that generated by this laboratory (11) in that it contains a 105 codon rather than a 224 codon open reading frame. Resequencing of the original mtDNA clone and cloned amplification products derived from the mitochondrial genomic DNA confirmed our previously published sequence and indicated, in particular, that the mtDNA nucleotide at position 211 was C (Fig. 3) . These analyses showed that the orf224 gene is, indeed, 224 codons in length and suggested that editing of orf224 transcripts occurs at a single site, just downstream of the region of orfB similarity. Editing results in the conversion of a CGG (Arg) to a UGG (Trp) codon. No evidence for editing in the non-coding regions upstream or downstream of or/224 was found.
Functional plant mitochondrial genes are almost always edited at more than one site. One of the few exceptions to this rule, is, coincidentally, the Brassica atp6 gene co-transcribed with orf224, which is edited at a single site, 103 nt downstream of its initiation codon. The absence of editing events over an extended portion of or/224, together with the finding that transcripts of another CMS associated chimeric gene, the maize T-urfl3 gene, are not edited, raised the possibility that the single common nucleotide change observed among the cDNA clones might have been generated through an experimental artifact. The 1.6 kb cDNA clones were expected to span the atp6 editing site. To further rule out the possibility that the orf224 sequences analyzed were generated from mitochondrial genomic DNA and not RNA, the region of the 1.6 kb clones in the vicinity of the atp6 editing site were sequenced. All the clones from both sterile plants and fertile plants were found to contain the sequence expected of a transcript edited at both the atp6 and or/224 sites (Fig. 2) . Since it is very unlikely that the same nucleotide changes were artifactually generated co-incidentally at both editing sites in all 7 clones, this result indicated that the difference in sequence at position 211 of the or/224 cDNA clones occurred as a result of RNA editing.
Editing of orf224 transcripts is virtually complete in sterile and fertile plants
The finding that all cDNA clones analyzed corresponded to an edited sequence suggested that transcripts of or/224 are edited highly efficiently. Transcripts of various lengths spanning or/224 are found in both pol CMS and restored plants, and it was of interest to determine if a sub-population of these transcripts might be less efficiently edited. In particular, the finding of Iwabuchi and colleagues that rice atp6 transcripts specific to restored plants are more efficiently edited than those of CMS plants (9) suggested the possibility that differences in orf224 editing might exist between sterile and restored plants. To examine these possibilities, we designed oligonucleotides complementary to both edited and unedited versions of the or}224 sequence, and used these to probe gel blots of mtRNA from pol CMS and restored plants, as well as fertile plants with nap cytoplasm. Previous studies (11, 18) had indicated that sequences in the vicinity of the orf224 editing site would be expected to occur on two major transcripts of approximately 2.2 and 1.9 kb that are present in both CMS and, at slightly reduced levels, fertilityrestored plants. Detectable levels of these transcripts are not observed in fertile plants with nap cytoplasm (11). As shown in Fig. 4 , the oligonucleotide corresponding to the edited form of orj224 hybridized to transcripts of the expected sizes in floral mtRNA of both pol CMS and restored plants (lanes P and Rf)-No hybridization was observed to mtRNA from fertile nap cytoplasm plants (lane N). The same oligonucleotide hybridized efficiently to an in vitro transcript of an orf224 cDNA clone on the same gel-blot (Fig. 4 , lane E) but did not hybridize detectably to an in vitro transcript of the genomic or/224 sequence (lane U), indicating that the signals arising from the 2.2 and 1.9 kb mtRNAs were specifically generated by hybridization to edited transcripts. These results suggested that the hybridization to the oligonucleotide was sensitive enough to detect the orf224 transcripts and specific enough to distinguish edited from nonedited transcripts.
GGATGCTACTTCAGGTAGGGTACGGGCGCTCTATCATTGTCTGATTTTAGGTTT -211 CTGATCGCTAGCCTGCCGGGCTGCCCCCGCGATCAMCTATCAATCTCATAAGAGAAGAA 151 ATCTCTATGCCCCCTGTTCTTGGTTTTCTCCCATGCTTTTGTTGGTCAACAACCAACCAC -91 AACTTTCTATAGTTCTTCACTACTCCTAGAGGCTTGACGGAGTGAAGCTGTCTGGAGGGA -31 orf224 r-» ATCATTTTGTTGAAATCAATTAATCTAATCATGCCTCAACTGGATAAATTCACTTATTTT 30 H P Q L D K F T Y F
In contrast to the results obtained using the edited-specific oligonucleotide, the oligonucleotide corresponding to the unedited form did not hybridize detectably to any transcript of nap malefertile, pol CMS or/»o/-restored plants under conditions in which a strong signal was was generated by hybridization to the in vitro transcript of the mitochondrial genomic sequence. Even when the autoradigraph exposure was lengthened by a factor of three, only heterogenous, non-specific background signals could be observed in the mtRNA lanes. The absence of hybridization of the probe to the in vitro transcript of the cDNA clone again indicated that hybridization was specific to unedited transcripts. Collectively the results showed that, within the limits of detection, orf224 transcripts are fully edited, and that substantial differences in editing efficiency do not exist between CMS and fertilityrestored plants.
DISCUSSION
Unusual aspects of orf224 editing
Several lines of evidence suggest that expression of the orf224latp6 gene region of the Brassica pol mitochondrial genome is related to CMS. It is the only region that is expressed differently between pol CMS and fertile plants and the only region whose expression is affected by nuclear fertility restoration (11, M.Singh unpublished observations). The single organizational difference between the male-sterile pol and male-fertile cam mitochondrial genomes is the occurrence, in pol mtDNA, of an additional 4.5 kb segment that is located immediately upstream of atp6 and contains the orf224 gene (19) . There are no open reading frames other than orf224 in this segment and no other portion of it gives rise to stable transcripts. As transcripts of the CMS-associated maize chimeric gene, T-urfl3, have been shown to not be edited, the finding that orf224 transcripts are edited was unexpected; transcripts of the CMS-associated pcf gene of petunia may also be edited (6) .
Although transcript editing has been reported for other unusual chimeric mitochondrial genes or pseudogenes, these editing events usually occur in regions corresponding to the coding regions of conventional mitochondrial genes (6, 7) . Transcripts of open reading frames that are not homologous to standard mitochondrial genes are generally found not to be edited. For example, the atp6 gene of C male-sterile maize is a triple gene fusion: the 5' flanking and N-terminal coding portions are derived from the atp9 gene, a central region consists of sequence of unknown origin, and the remaining portion of the gene is similar to the atp6 gene of maize T cytoplasm (20) . While the regions of transcripts corresponding to the atp9 and atp6 portions of the gene are edited at positions expected from the analysis of other mitochondrial systems, editing does not occur in the central region of unknown origin (21) . Thus, the editing of orf224 transcripts in a region that does not correspond to a a known mitochondrial gene is surprising. It is unlikely that this unknown portion of orf224 represents an essential mitochondrial gene, since the sequence is absent from the closely related, male-fertile cam mitochondrial genome (19) . Moreover, sequences corresponding to the unknown portion of orf224 appear to be absent from both sunflower or maize mtDNA (results not shown) suggesting that this DNA region does not comprise a portion of a gene that is functional in the mitochondria of other plant groups.
Thus far, editing of only one other Brassica mitochondrial gene, the atp6 gene, has been reported (13) . As with orf224, there is just one editing site on atp6 transcripts. The atp6 coding sequence and the orfB portion of orf224 together contain over 950 nucleotides. Only a single editing event is detected in transcripts of these standard mitochondrial gene regions, and hence only about 0.1% of the nucleotides are edited, a lower frequency than that found for any mitochondrial protein coding sequences analyzed thus far (2, 3) . It should be of interest to determine if other Brassica mitochondrial transcripts display similarly low levels of editing. In view of the minimal transcript editing for these standard mitochondrial gene regions, the finding of an editing event in a region of orf224 that does not correspond to a known sequence seems particularly unusual.
Editing of or£224 transcripts is not directly related to the CMS phenotype
It is unclear what role, if any, orf224 editing plays in the CMS trait. We have recently found that antibodies raised against a synthetic peptide portion of the predicted translation product of the 07^224-unique region, detect a polypeptide of approximately 22 kD that is present mpol, but not nap, cytoplasm plants (22, Y.L'Homme, unpublished results). It remains to be demonstrated if expression of this orf224-encoded polypeptide is causally related to male sterility. Hypothetically, the translation products of either edited or unedited transcripts could cause male sterility, but, because the editing of orf224 transcripts is apparently complete, it is probable that only the edited form occurs in vivo. It seems unlikely that the degree of editing of orf224 transcripts is directly related to the male sterile phenotype, since virtually all transcripts of both sterile and fertility-restored plants are edited. A less direct relationship between orf224 editing and male-sterility cannot be ruled out; for example, transcript editing, or the lack of it, could conceivably signal the processing of orf224 transcripts that has been proposed to occur specifically in restored plants (18) .
In rice it has been found that editing of one form of a normal mitochondrial gene, atp6, differs between CMS and fertilityrestored plants (9) . Both we (unpublished results) and Handa and Nakamura (13), however, have found that atp6 editing also is virtually complete in bothpol CMS and fertile cytoplasm Brassica plants. This, together with findings reported here and the apparent absence of an association between RNA editing in the case of the maize T-urfl3/orf221 region (8), makes it unlikely that a direct association between altered editing and CMS is universal.
Analysis of transcript editing using oligonucleotides specific for edited and unedited forms This is, to our knowledge, the first time blot-hybridization with oligonucleotides specific to edited and unedited forms has been successfully used to examine transcript editing. We show that 18-mer oligonucleotides can hybridize with sufficient specificity to the corresponding transcript to allow for an approximate assessment of the extent of transcript editing. This approach is advantageous for analysis of editing at a particular site on a transcript because it is less laborious than sequencing multiple cDNA clones and because it allows the degree of editing of different sized transcripts of a particular genomic sequence to be compared. However, the hybridization and washing conditions required to achieve the desired specificity may need to be worked out empirically for each case that is investigated, and analysis of editing at some other sites may be less amenable to this approach. Nevertheless, the technique should prove useful for analyzing the role played by RNA editing in other CMS systems and possibly in other aspects of plant mitochondrial gene expression.
Editing of transcripts of a sunflower CMS-associated gene
Since our original submission, Moneger et al. (23) have reported that transcripts of the chimeric, CMS-associated ORF522 gene of sunflower mtDNA are edited. As with orf224, these transcripts appear to be completely edited in both CMS and restored plants, providing additional evidence for the lack of general association between RNA editing and CMS.
